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Scanning  Probe  Lithography.  1. 
Mlcroacope-lnduced  Lithography  of 
Alkanethiol  Monolayer  Realata 


Scanning  Tunneling 
Self -Aaaembled  n- 


Claudia  B.  Ross.  Li  Sun,  and  Richard  M.  Crooks* 

Prepared  for  publication  in  Langmuir 

Abstract 

The  tip  of  a  scanning  tunneling  microscope  was  used  to 
fabricate  geometrically  well-defined  structures  within  organized, 
self -assembled  monolayer  resists  that  have  critical  dimensions 
ranging  from  60  nm  to  5  nm.  To  achieve  nanometer-scale 
lithography,  a  Au(lll)  substrate  was  coated  with  a  self -assembled 
monolayer  of  HS {CH2)  17CH3,  which  functions  as  an  ultrathin  (~2.5 
nm)  resist,  and  then  the  resist  was  etched  by  an  STM  tip.  This 
treatment  results  in  window-like  features  that  penetrate  the 
organic  monolayer,  Nanolithographically  defined  features  have 
been  characterized  by  scanning  tunneling  microscopy,  scanning 
electron  microscopy,  and  electrochemical  methods.  For  example, 
since  mass  and  electron  transfer  to  the  conductive  Au  substrate 
are  blocked  by  the  monolayer  everywhere  except  in  the  STM-etched 
regions,  the  windows  serve  as  ultramicroelectrodes.  The  limiting 
current  that  results  from  radial  diffusion  of  a  bulk-phase  redox 
species  to  the  etched  window  is  in  close  agreement  with  that 
predicted  by  theory. 


« 


The  tip  of  a  scanrunq  cunneiinq  oscope  waU  u;u-h  to 

fabricate  geomet  r  ical  iy  well-defined  ntruciuie...;  v.n’hir.  .a  gan- zt- 1 , 
self -assembled  monolayer  resists  triat  hav.-  siitisu-  d .  :r>-n;i  1 1:  :is 
ranging  from  60  nm  to  5  jim.  To  achieve  nancir^c-t  >•: 

lithography,  a  Au(lil)  svibstrate  v;as  coated  vnth  a  se  i  <  -assenad  ••a 
monolayer  of  HS  (CH? }  17CH},  which  functions  an  ar;  ultialhin  ;  •  2  .  t 
nm)  resist,  and  then  the  resist  was  etched  by  an  Sid'  t,p. 


treatment  results  in  window-iike  features  that  pt^net  ia:n  e  the 
organic  monolayer.  Hanoi  it hographical ly  defined  tea' ores  have 
been  characterised  by  scanning  tunneling  :ru  crosccpy ,  scanning 
electron  microscopy,  and  electrochemical  methods.  For  example?, 


since  mass  and  electron  transfer  to  the  conductive  Au  svibstrate 


are  blocked  by  the  monolayer  everywhere  except  in  the  S'll'l- et ched 
regions,  the  windov/s  serve  as  ult  ramicrcelect  nodes .  The  limiting 
current  that  results  from  radial  diffusion  of  a  bulk-phase  redox 
species  to  the  etched  window  is  in  close  agreement  with  that 
predicted  by  theory- 
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induced  lithography  of  organised  :nonoIav'ei  resist-;.-  In  this 
experiment,  resists  consist  of:  monolayers  or  seit -i,ss.-'rtied  ;; 
aikanethiois  which,  when  coni  ined  to  Au  f  I  i  1 :  subs'  rott-s,  for-t 
approximately  2.S  nm-thick  barriers  to  mass  and  eleorors 
transfer .  when  a  scanning  tunneling  miciosccpe  iS'n-'}  tip  is 

positioned  near  the  Au  substrate  and  lastered  across  t  tse  sur  race, 
it  induces  desorption  of  the  monolayer  resist.  Results  obtained 
by  STM,  electrochemical  methods,  and  scanning  electron  mi cr oscopy 
confirm  that  this  technique  is  useful  tor  fabricating 
geometrically  well-defined,  nanometer-scale  structures  such  as 
ultramicroelectrodes . 

Most  lithographic  processes  rely  on  1 ight - i nduced  chemical 
transformations  of  organic  polymers  for  fabrication  of  micron- 
scale  surface  features.  Present  commercial  photolithographic; 
processes  are  wavelength-limited  to  about  0.5  pm  critical 
dimensions,^  but  the  development  of  nev;  technologies  th.at  can 
reduce  this  limit  to  0.1  -  0,2  pm  is  essential  for  high -density, 
high-speed  microelectronic  applications.  The  present  state-of- 
the-art  for  lithographically-defined  surface  features  is  quantum 
dot  cylinders  with  diameters  of  about  100  nm  and  thicknesses 
around  10  nm.^  The  thickness  is  limited  by  the  quality  of 
liiu-iecular  beam  epitaxy-deposited  thin  films,  and  the  lateral 
dimension  is  defined  by  the  resolution  of  electron  beam 
lithography.  In  principle,  electron  beam  lithography  should  only 


be  limited  by  the  wavelengch  or  an  election,  about  \  .  Ot  nr., 

however,  as  a  result  of  forward  scattering  of  e  r, on;  .r;  t  r.e 

resist  and  backseat  ter  ing  from  the  substrate,  ftratures  witli 
critical  dimensions  less  than  100  nm  may  I’Ot  be  at  t  a :  naru  e . 
Because  of  the  physical  limitations  of  present  ^oe.-n;..  bru  i ,  e»- 
feel  it  is  desirable  to  evaluate  alte:narive  appr..acn<-s  tor 
fabricating  structures  with  critical  ditr.enc  tons  tin-  ranue  of 
200  nm . 

Scanning  probe  devices  were  first  developed  by  Binntg  et  a’ 
in  1982,"'  and  since  that  time  have  been  used  primarily  as  tools 
obtaining  topographical  and  electronic  surface  maps.  However, 
they  can  also  be  used  to  directly  modify  tiie  cherTiicai  or  physica 
structure  of  surfaces.^  In  this  paper,  we  present  the  first 
example  of  deliberate  STI'I  etching  of  an  organic  monolayer  resist 
to  produce  well-defined  features  with  critical  dimensions  as  sma 
as  60  nm.5  Since  it  has  been  clearly  demonstrated  that 
interpretation  of  STM  images  is  sometimes  ambiguous ,  we  also 
provide  an  independent  electrochemical  analysis  of  some  of  the 
larger  lithographically-defined  features. 


Substrate  Preparation.  A  0.25  mm-diameter  Au  wire  (99.998%)  was 
cleaned  by  dipping  in  freshly  prepared  "piranha  solution"  (3:1 
cone.  H2S'^4:30%  H2O2,  Caution:  piranha  solution  reacts  violently 
with  organic  compounds,  and  it  should  not  be  stored  in  closed 
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containers).  Autllil  surfaces  v;ere  pr-p.iied  by  rneir:  :nq  ’be  wir- 
in  a  H2/O2  flame  under  N2,  and  then  anr.-  a  i-rclej  reu:.  :.  :: 

the  flame.  ^1*13  This  treatment  results  in  approximai  ei\'  1  mm- 
diameter  spheres  that  contain  a  few  Au(lll)  facets  on  the  surf.;. or. 
The  facets  are  typically  elliptical,  with  a  long  axis  of  about  ICO 
lim,  and  are  composed  of  atomically  fiat  terraces  abcn.m  100  nm 
wide.  The  Au  balls  were  cleaned  again  in  piranha  sclution  and 
then  rinsed  with  ethanol.  To  facilitate  electrochemical 
experiments,  the  entire  ball,  with  the  exception  of  a  single 
Au(lll)  facet,  was  covered  with  silicone  rubber  ( Dow-Coi n mg , 
Catalog  No.  698),  Prior  to  monolayer  adsorption,  the  exposed 
facet  was  usually  polished  electrochemicaliy  in  an  aqueous  0.1  M 
HC1O4/5x10'^  M  HCl  solution;  this  process  eliminates  adsorbed 
organic  material  from  the  Au  surface  and  tends  to  reduce  the 
number  of  Au  surface  def  ects  .  Cyclic  vol  tarrmetr'/  confirmed 

the  presence  of  a  clean  Audll)  surface.  The  freshly  prepared 
surface  was  immersed  in  a  1  mM  ethanolic  solution  of 
octadecylmercaptan,  HS (CH2 )  17CH3 ,  for  24  h,  removed,  rinsed,  and 
then  attached  to  a  home-built  STT^-subst rate  holder  for  subsequent 
etching  and  analysis. 

Scanning  Tunneling  Microscope  Etching  and  Imaging.  A  Nanoscope  II 
STM  (Digital  Instruments,  Santa  Barbara,  CA)  was  used  for  all  STI-I 
experiments.  Images  were  obtained  using  a  bias  voltage  of  +300  mV 
and  tip  currents  in  the  range  0.10  to  0.11  nA  (scan  rate  =  1.34 
Hz) .  Positive  bias  voltages  indicate  that  electrons  tunnel  from 
the  STM  tip  to  the  Au  substrate.  Tips  were  mechanically  cut  from 
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Pt/Ir  (80/20%)  wire.  The  etching  condiricn 
of  the  nanolithogrciphical  ly-def  ined  feacure 
discussed  in  the  text .  The  STM  z-piezo  was 
measuring  several  independently  prepared  Au 
edges  and  correlating  the  mean  experimental 
theoretical  AuClll)  interlayer  spacing  of  0 


and  they  are 
calibrated  by 
111)  moncatcmic  step 
value  to  the 
215  um. 


Electrochemistry.  Electrochemical  experiments  were  carried  out 
a  single-compartment,  three-electrode,  glass  cell  containing  a 
Ag/AgCl,  KCl (sat'd)  reference  electrode  and  a  Pt  counter 
electrode.  Cyclic  voitammograms  were  obtained  in  purified  (Mill 
Q,  Millipore)  ,  deoxygenated  aqueous  solutions  consisting  of  5  irM 
Ru{NH3)  and  0.1  M  KCl . 


RESULTS  AND  DISCUSSION 

STM  images  of  a  stepped  Au(lll)  surface  covered  with  a  sing 
monolayer  of  HS(CH2)i7CH3  before  and  after  intentional  probe 
etching  are  shown  in  Figure  1.  The  top  400  x  400  nm  image  was 

Figure  1 

obtained  with  a  +300  mV  bias  voltage  and  a  tunneling  current  of 
0.10  nA.  The  Au  surface  contains  primarily  100-30Q-nm--wide 
atomically  flat  terraces  separated  by  monoatomic  steps.  Small 
circular  defect  structures,  typically  5  nm  in  diameter,  always 
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appear  homogeneously  discribuced  wichin  che  HS 'CH2 ) i-CHj 
monolayer .  We  are  scudv'irig  chese  sc  rucr  ures ,  tu'.:  rb<r 

present  time  we  are  uncertain  of  their  precise  structure  or 
origin.  Immediately  after  obtaining  the  top  image,  the  center  ict 
X  100  nm  region  was  scanned  four  times  using  the  same  nuid 
conditions  used  to  obtain  the  top  image.  High  resolution  images 
of  this  region,  which  are  not  shown  here,  i.ndicate  that  the  small 
defect  structures  shown  in  the  top  image  enlarge  and  eventually 
grow  together  to  form  much  larger  defects  as  a  result  ot  •’ ip- 
substrate  interactions.  T.he  botto.m  part  of  ."igure  1  shov/s  a 
second  image  of  the  same  region  after  imaging  the  center  part  four 
times.  Three  aspects  of  the  bottom  micrograph  are  worth  noting. 
First,  the  center-most  region  of  the  organic  surface  has  been 
etched  by  the  STM  tip.  Second,  there  is  evidence  that  the  organic 
material  removed  from  the  center  part  of  the  scan  has  been 
deposited  on  the  left  and  right  edges  of  the  etched  feature. 

Third,  the  small  defects  surrounding  the  etched  portion  of  the 
surface  have  been  enlarged  somewhat  even  though  they  have  only 
been  exposed  to  the  tip  during  two  scans.  These  data  clearly 
demonstrate  the  feasibility  of  using  tip-substrate  interactions  to 
create  high-resolution,  nanometer-scale  features  on  surfaces. 

The  physical  basis  for  STM-tip-induced  lithography  is  not 
certain  at  the  present  time,  but  some  combination  of  the  following 
four  phenomena  seems  likely  to  contribute;  (1)  electron-beam- 
induced  degradation  or  desorption;  (2)  field  ionization  of 
molecules  resident  near  the  tip-substrate  gap  that  are  accelerated 
towards  the  surface,  thereby  desorbing  the  resist;  (3)  physical 


abrasion  of  the  Au  surface  by  the  tip;  (4)  Joule  heutiny  of  t he 
substrate,  arising  from  current  flowing  through  th-r  gap 
resistance,  and  subsequent  thermal  desorption  of  the  resist.  The 
fundamental  problem  associated  with  assigning  the  particular  tip- 
substrate  interaction (s)  responsible  for  monolayer  removal  arisen 
from  the  uncertain  z-axis  displacement  of  the  tip  relative  to  the 
substrate  during  imaging.  Data  discussed  later  suggest  the  tip 
might  be  1-2  nm  above  the  Au  surface  during  imaging,  but  since  STl-l 
images  are  a  convolution  of  tunneling  probability  and  ‘•..cpograp.hy , 
this  estimate  is  quite  speculative.  Mcrecver,  since  each  STf-!  scan 
removes  some  of  the  organic  material  from  the  surface,  it  is 
likely  that  z-displacement  is  also  a  function  of  the  number  of 
times  the  surface  is  scanned  and,  of  course,  the  bias  voltage  and 
tunneling  current  employed.  Based  on  the  data  shown  in  Figure  1, 
particularly  the  distribution  of  organic  material  in  the  bottom 
image,  our  present  hypothesis  focuses  on  physical  abrasion  of  the 
surface  as  the  dominant  tip-substrate  interaction  responsible  for 
STM-induced  nanolithography  under  the  conditions  employed  in  these 
experiments . 

Figure  2A  shows  three  60  nm  x  60  nm  STM-defined  features 

Figure  2 

confined  to  a  single  Au(lll)  terrace.  In  contrast  to  the 
incomplete  etching  of  the  structure  shown  in  Figure  1,  all  of  the 
organic  material  appears  to  have  been  removed  within  these  etched 
regions.  This  results  from  the  more  vigorous  etching  conditions 
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used  to  fabricate  the  structures  shown  m  Fiyure  .^A:  tcui  scans 
with  the  tip  biased  at  +3  v  and  a  tip  current  or  1 1  uA  ' sc  n. 

rate  =  31.25  Hz)  followed  by  four  scans  at  *100  in’;  and  •  da--  sarntn 
current  and  scan  rate.  The  first  set  of  scans  apparent  iy  ra:T;s'.‘c:: 
most  of  the  monolayer  resist,  but  The  second  set  'c  necessa*;'  ’ 
completely  remove  the  organic  material  from  the  bottom  oi  the 
etchea  features.  We  have  been  able  to  create  qeo:r:et  r  ica  i  iy  wei,- 
defined  structures  similar  to  those  sho'.vn  in  Figure  2  that  are  us 
small  as  25  x  25  nm,  and  it  appears  that  the  iimit  ot  resolution 
is  determined  only  by  th-,  sice  of  the  tip  and  the  diameter  'tf  the 
resist  molecules.  Such  structures  are  dimensicn-ai  iy  stable  for  a 
least  several  days. 

Line  scans  corresponding  to  the  data  in  Figure  2A  are  shewn 
in  Figure  2B.  We  intentionally  scanned  over  an  atomic  step  as  an 
internal  calibration  of  topography  in  acquiring  these  data.  This 
feature  can  be  seen  in  line  scans  1-3,  and  it  clearly  indicates 
that  the  morphology  of  the  underlying  Au  substrate  can  be  reiiabi 
imaged  through  the  organic  monolayer:  the  line  scans  indicate  tha 
the  Au  step  height  is  0.22  nm,  which  is  clo.?e  to  the  0.24  nm 
interlayer  spacing  of  Au{lll),^2 

The  most  interesting  aspect  of  the  line  scans  relates  to  the 
"depth"  if  the  etched  features.  FTIR  and  eil ipsometr ic  data 
indicate  the  height  of  HS{CH2)i7CH3  m.onolayers  rang€;  from  about  2. 
nm  to  about  2.8  nm,  but  the  line  scans  .shovin  in  Figure  2B 
reproducibly  indicate  a  depth  of  only  0.7±0,1  nm.2-4 
Electrochemical  data  discussed  later  strongly  suggest,  but  do  not 
unambiguously  prove,  that  most  of  the  organic  rfisist  material  has 
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been  removed  from  the  bottom  of  the  etched  features 


C 


bottoms  of  the  pits  are  clean,  and  if  the  Au  itself  has  nca  beer, 
etched,  the  STM  tip  is  probably  within,  rather  than  above,  the  o 
-alkanethiol  monolayer  during  imaging.  Kim  and  Bard  reported  t:re 
depth  of  somewhat  smaller  STM-induced  defects  to  be  0 . S±0 . i  nm, 
and  they  explained  this  anomalous  behavior  as  resulting  from 
differences  in  tunneling  probabilities.^^  While  our  data  support 
these  previous  results,  we  do  not  believe  it  is  possible  to 
confirm  either  model  at  the  present  time. 

Since  it  has  been  well-established  that  ST!*!  images  of  organic 
surfaces  are  difficult  to  uncimbiguously  interpret ,  ^3  v;e  used 
electrochemical  methods  to  confirm  the  STId  data.  Additionally, 
the  data  presented  here  clearly  indicate  that  STM  lithography  is  a 
good  means  for  fabricating  ultramicroelectrodes.  The 
electrochemical  experiment  is  illustrated  in  Scheme  I,  and  the 


Scheme  I 


details  of  electrode  fabrication  v;ere  discussed  in  the 
experimental  section. 

Figure  3A  is  the  cyclic  voltammetric  response  to  a  5  irM 

Figure  3 

Ru(NH3)63+  solution  obtained  for  a  Au(lll)  facet  after  masking  with 
silicone  rubber,  but  prior  to  HS(CH2)i7CH2  modi  f  ication .  The  data 
are  intermediate  between  those  expected  for  linear  and  radial 
diffusion:  a  consequence  of  the  small  sine  of  the  Autlll)  facet. 
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For  this  experiment,  n  =  1  equiv-'mol,  F  =  96485  C-'eauiv.  D  =  ^  .  1  x 
lO"^  cm2/s,i®  and  C  =  5.0  x  10'®  moi/cm^.  Approxima^:  inq 
subtracting  the  residual  current  at  -0.33  V  in  Figure’  3H  from  fhe 
current  in  Figure  3C,  we  calculate  a  value  of  r  -  3.6 
believe  the  difference  between  this  value  and  the  one  obtained  by 
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■  i4;'  , 


visual  inspect  ioa  or  Fiacre  4,  .it 
our  assumption  concern; nq  'ho  cm 
main  point  is  that,  to  a  tirct  at  _ 
data  confirm  the  STM  results. 

After  obtaiainn  mi-  v  ;■  i  t  an -it-*  ro-  ..;h\,v;i.  o.  Fin 
three  additional  5x5  ^in  winJcws  in  ■  h-  :■ 

in  the  configuration  1 1  lus*;  :  at  ed  in  Figo:.--  ilh  S: 
results  in  an  array  of  uit  rairucroeiec'. :  udes  and  a 
about  three  times  larger  than  that  shuv/n  in  Fig!;:-- 
expected  the  limiting  curr»>nt  :;e  fe  u  t  um-c  .a: 
the  four  electrodes  are  so  closely  sec-s-*---;,  -iiei:  c 
overlap . 

A  plot  of  E  versus  log  [  i  1 1  - 1  i  ■  i  ]  feu  pot«^-nt;u 


.  'id  1  *  .  <*  I 


.  il  ^  ‘  I 


th<i  r  is  inn 


part  of  the  volt ammo grams  shown  in  Figures  3C  and  ID  y  melds  a 
slope  of  90  mV,  close  to  the  value  for  a  t ha-umo-yr,  sru ca  1 1-y 
reversible  one-electron  transfer  reaction  of  to  mt’ .  -  Thic  rosul' 
supports,  but  does  not  unambiguously  confirm,  ^ur  corment  ion  that, 
most  of  the  organic  material  has  been  removed  from  the  elect  rodi' 
surface  in  the  etched  areas,  since  a  significant  insulating  layer 
would  further  reduce  the  rate  of  electron  transfer  bet’ween  the 
electrode  and  Ru{MH3)6^*,  and  thus  decrease  the  slope  of  the  rising 
part  of  •the  cyclic  voltammogram ,  Figure  4  suggests  the  presence 
of  some  organic  material  v/ithin  etched  region,  but  the 
distribution  is  such  that  the  effect  on  the  electrochemical 
response  should  be  negligible.  The  three  important  points  that 
result  from  the  data  shown  in  Figures  3  and  4  are;  (1)  it  is 
possible  to  use  the  STM  tip  to  nanolithographicaily  define 
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electrode  arrays;  (2)  additional  i  i  thw-u  aroioa  :  .y 
result  in  additional  Faradaio  current  thu  corr.-‘-  rat;:,  i 'o.d- 

(3)  since  the  eiecti'cn  rianster  kiru-rico  vsi.,-  rac;:u,  ore.; 

material  has  been  removed  iron:  the  Au  suirace  in  •'u-  vicirmty 
the  etched  features. 


This  preliminary  rep-ird  provides  the  firoir  exarr.pie  stf 
intentional  STM  fabrication  of  well -defined  ffoitures  v.-it:ii;n  a 
self-assembled  monolayer  resist.  The  essential  featuie:.'.  o:  the 
STM  images  of  the  nanolithographicaily-def ined  windows  are 
confirmed  by  companion  electrochemical  experiments  and  scanning 
electron  micrographs.  Combination  of  the  three  methods  yields 
complement  airy  information  about  the  nature  of  the  patterns,  and  it 
also  provides  a  new  means  for  studying  the  nature  of  the  tip- 
monolayer  interaction.  Perhaps  the  most  important  aspect  of  this 
work  is  that  the  monolayer  resists  are  sufficiently  thin  to  permit 
electron  tunneling,  but  sufficiently  thick  to  effectively  block 
significant  mass  transfer  and  Faradaic  electron  transfer  across 
them. 

At  the  present  time,  we  are  pursuing  several  aspects  of  the 
preliminary  data  presented  here.  First,  we  are  using  low 
temperature  chemical  vapor  deposition  techniques  to  selectively 
metallize  etched  regions.  Second,  we  are  trying  to  improve  the 
blocking  quality  of  the  monolayers  so  that  we  can  construct  very 
well-defined  ultramicroelectrodes  in  the  size  range  1-10  nm;  at 
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the  present  time  electrodes  with  a  crit  Lcal  dirneriOion  lets  t.  h 
100  nm  are  too  leaky  to  be  usetui  .  Firuiily,  we  a:  e  3  act  bee: 
experiments  designed  to  elucidate  the  mechanism  responsible  t 
tip-induced  lithography.  Preiiminar'/  results  from  tbiese 
experiments  will  be  reported  shortly. 


We  gratefully  acknowledge  the  Office  of  Naval  Research  for  fu 
support  of  this  work. 
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1.  STM  images  of  a  Au(lil)  surface  modified  with  a  rnonolayei  c: 

HS (CH2  )  17CH3  .  (Top)  First  400  x  400  nm  scan.  (Botronh  Second  4iC 
X  400  nm  scan.  Four  scans  of  the  center  iOO  x  100  nm  region  of 
the  surface  were  obtained  prior  to  recording  of  the  bottom  intag*:- . 
Conditions  for  all  six  scans:  bias  voltage  -  +300  mV;  tunneling 
current  =  0.10  nA;  scan  rate  =  1.34  He. 

2.  (A)  STM  image  of  a  Au(lil)  subsctaie  modified  v;ith  a  .monolayer 
of  HS(CH2)i7CH3  after  opening  three  60  x  60  nm  windows.  STM 
etching  conditions:  four  scans  {bias  voltage  =  +3  V;  tunneling 
current  =  0.11  nA;  scan  rate  =  31.25  Hz)  followed  by  four 
additional  scans  (bias  voltage  =  +300  mV;  tunneling  current  =  0.11 
nA;  scan  rate  =  31.25  Hz).  (B)  STM  line  scans  through  the  etched 
regions  which  are  shown  in  (A)  and  illustrated  schem.at ical ly  to 
the  right  of  the  line  scans.  The  vertical  displacement  {v.d.) 
between  the  arrows  is  indicated  next  to  each  line  scan. 

3.  Electrochemical  results  obtained  at  (.A)  a  naked  Au(lll)  facet; 
{B)  the  same  facet  after  modification  with  a  monolayer  of 

HS (CH2)  17CH3 ;  (C)  the  same  facet  after  STM  fabrication  of  a  single 

5  x  5  )im  ultramicroelectrode;  (D)  the  same  facet  after  fabricating 
four  5x5^  ultramicroelectrodes  spaced  as  indicated 
schematically  to  the  left.  Conditions;  solution,  5  mM 
Ru (NH3 )  e^  +  zo  .  1  M  KCl;  scan  rate  =  100  mV/s. 
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4 .  Scanning  electron  micrograph  ot  a  S 
defined  ultramicroeiect rode . 
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